Two experiments were conducted to examine the effect of level of dried distillers grains plus solubles (DDGS) supplementation (0, 10, 20, and 30%; DM basis), replacing steam-fl aked (SF) corn in fi nishing diets, on characteristics of digestion (Exp. 1) and growth performance (Exp. 2) in calffed Holstein steers. In Exp.1, 4 cannulated Holstein steers (349 ± 12 kg) were used to evaluate treatment effects on characteristics of digestion. Ruminal NDF digestion tended to increase (quadratic effect, P = 0.09) and ruminal OM digestion decreased (linear effect, P = 0.01) with DDGS substitution. There were no treatment effects on duodenal fl ow of microbial N (MN). Substitution with DDGS increased (linear effect, P < 0.01) N fl ow to the small intestine. The undegradable intake protein (UIP) value of DDGS was 35%. Postruminal digestion of OM (linear effect, P = 0.04) and fatty acids (linear effect, P = 0.03) and total tract digestion of OM and GE decreased (linear effect, P < 0.03) with increasing level of DDGS substitution. Substitution with DDGS did not affect (P = 0.80) ruminal pH but increased (linear effect, P = 0.01) acetate:propionate molar ratio. In Exp.2, 144 Holsteins steer (112 ± 6 kg) were used in a 305-d trial to evaluate treatment effects on growth performance and carcass characteristics. During the initial 126 d, DDGS substitution increased ADG (linear effect, P = 0.03), G:F (quadratic effect, P = 0.03), and dietary NE (quadratic effect, P = 0.02), maximal for both at 20% DDGS inclusion rate. Based on estimated indispensable AA supply to the small intestine as a percentage of requirements during the initial 126-d period, histidine was fi rst limiting followed by methionine. During the fi nal 179-d period and overall (305-d feeding period), treatment effects on ADG and G:F were small (P ≥ 0.22). Compared with the other treatments, HCW was greater (3.4; P = 0.03) at the 20% level of DDGS substitution. The NE value for DDGS in SF cornbased diets for the calf-fed Holstein are consistent with current tabular standards. Extra-caloric value of DDGS as a metabolizable AA source is apparent during the initial growing phase. The UIP value of DDGS used in this study (35%) was considerably less than current tabular estimates (52%; NRC, 2000) .
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INTRODUCTION
Although numerous studies have been conducted that evaluate the comparative feeding value of dried distillers grains plus solubles (DDGS) as a partial replacement for corn in fi nishing diets for feedlot cattle (Klopfenstein et al., 2008) , most of the comparisons have involved yearling cattle [>300 kg initial BW (AlSuwaiegh et al., 2002; Gunn et al., 2009; Leupp et al., 2009a; Uwituze et al., 2010; Wierenga et al., 2010) ] where the extra-caloric effect of increased MP intake due to DDGS substitution is less likely to be manifest. Very little information is available in the literature regarding the comparative feeding value of DDGS on overall growth performance of cattle placed into the feedlot as calves, where responses on growth performance and effi ciency to its protein contribution may be manifest.
Indeed, the value of DDGS as a protein source for feedlot cattle remains uncertain. Prior estimates of undegradable intake protein (UIP) for DDGS have ranged from 40 to 70% (Cao et al., 2009; Leupp et al., 2009b; Brake et al., 2010; Islas and Soto-Navarro, 2011) . The tabular UIP value for DDGS (52%) as put forth by NRC (2000) represents the mean of 6 highly variable observations (SD = 20) , with 95% confi dence limits of 31 and 75%. It was hypothesized that the comparative feeding value of DDGS is augmented in calf-fed Holstein steers consistent with its contribution to metabolizable protein requirements during the initial growing phase. The objective of this study was to evaluate the comparative feeding value of DDGS as a partial replacement for steamed-fl aked (SF) corn in growing-fi nishing diets for calf-fed Holstein steers.
MATERIALS AND METHODS
All animal care, handling, and surgical techniques followed protocols approved by the University of California, Davis, Animal Use and Care Committee.
Experiment 1
Animals, Diets, and Sampling. Four Holstein steers (average BW, 349 ± 12 kg) with cannulas in the rumen and proximal duodenum (Zinn and Plascencia, 1993) were used in a 4 × 4 Latin square experiment to evaluate the infl uence of supplemental DDGS level in substitution by SF corn on characteristics of digestive function. Four dietary treatments were compared: 1) Control (0% DDGS), 2) 10% DDGS, 3) 20% DDGS, and 4) 30% DDGS, replacing SF corn (fl ake density, 0.31 kg/L; Table 1 ). Flaked corn was allowed to air dry before incorporation into complete mixed diets. Chromic oxide (0.3%) was added to diets for estimated nutrient digestibility. Steers were maintained in individual pens (3.9 m 2 ) with access to water at libitum. Diets were fed at 0800 and 2000 h daily. Experimental periods consisted of a 10-d diet adjustment period followed by a 4-d collection period. During the collection period duodenal and fecal samples were taken from all steers twice daily as follows: d 1, 0750 and 1350 h; d 2, 0900 and 1500 h; d 3, 1050 and 1650 h; and d 4, 1200 and 1800 h. Individual samples consisted of 750 mL duodenal chyme and 200 g (wet basis) fecal material. Samples from each steer and within each collection period were composited for analysis. During the fi nal day of each collection period, ruminal samples were obtained from each steer at 4 h after feeding via the ruminal cannula. Ruminal fl uid pH was determined on fresh samples. Samples were then strained through 4 layers of cheese cloth. Two mL of freshly prepared 25% (wt/vol) metaphosphoric acid was added to 8 mL of strained ruminal fl uid. Samples were centrifuged (17,000 × g at 10°C for 10 min) and supernatant fl uid stored at -20°C for VFA analysis. Upon completion of the trial, ruminal fl uid was obtained from all steers and composited for isolation of ruminal bacteria via differential centrifugation (Bergen et al., 1968) .
Sample Analysis and Calculations. Feed, duodenal, and fecal samples were subjected to the following analysis: DM (oven drying at 105°C until no further weight loss; method 930.15, AOAC International, 2000) , ash (method 942.05, AOAC International, 2000) , Kjeldahl N (method 984.13, AOAC International, 2000) , NDF (Van Soest et al., 1991 ; corrected for NDF ash) incorporating heat stable α-amylase (Ankom Technology, Macedon, NY) at 1 mL per 100 mL of NDF solution (Midland Scientifi c, Omaha, NE), fatty acids (FA; Sukhija and Palmquist, 1988) , AA (hydrolysis under N in sealed ampules with 6 N HCL for 24 h at 110°C followed by AA analysis using Beckman 6300 Amino Acid Analyzer, Beckman Instruments, Fullerton, CA), chromic oxide (Hill and Anderson, 1958) , and starch (Zinn, 1990) . In addition, GE (using adiabatic bomb model 1271; Parr Instrument Co., Moline, IL) was determined for feed and fecal samples. Ammonia N (method 941.04, AOAC International, 2000) and purines (Zinn and Owens, 1986) were determined in ruminal and duodenal samples, and VFA concentrations of ruminal fl uid were assessed by gas chromatography (Zinn, 1988) . Microbial OM and N leaving the abomasum were calculated using purines as a microbial marker (Zinn and Owens, 1986) . Organic matter fermented in the rumen was considered equal to OM intake minus the difference between the amount of total OM reaching the duodenum and microbial OM reaching the duodenum. Feed N escape to the small intestine was considered equal to total N leaving the abomasum minus ammonia-N and microbial N and therefore includes any endogenous contributions.
Experiment 2
Animal Processing, Housing, and Feeding. One hundred forty-four Holstein steers (BW average, 112 ± 6 kg) were used to evaluate treatment effects on characteristics of growth performance, dietary energetics, and carcass characteristics of calf-fed Holstein steers. Upon arrival steers were vaccinated for bovine rhinotracheitis and parainfl uenza 3 (TSV-27; SmithKline Beecham, West Chester, PA), clostridials (Fortress 7; Pfi zer Animal Health, New York, NY), and Pasteurella haemolytica (One Shot; Pfi zer Animal Health) and treated for parasites (Ultramectin; RXV Products, Kansas City, MO). Steers were injected with 1,000,000 IU vitamin A (Vita-Jec A&D "500"; RXV Products, Kansas City, MO) and injected with 8 mL penicillin. Steers were blocked by BW into 6 blocks and assigned within blocks to 24 pens (6 steers/pen). Pens were 5.48 by 9.14 m with 26.7 m 2 of shade and were equipped with automatic waterers and fence-line feed bunks (4.27 m in length). Steers were implanted with Revalor-S (Intervet; Schering-Plough Animal Health, Millsboro, DE) on d 126 and 238. Steers were weighed on 2 consecutive d at the beginning of the trial, at d 126, and at time of harvest (d 305).
Treatments were the same as those used in Exp. 1 (Table 1) . Diets were prepared at weekly intervals and stored in plywood boxes located in front of each pen. Steers were allowed ad libitum access to dietary treatments. Fresh feed was provided twice daily (0600 and 1400 h). Estimates of steer performance were based on pen means.
Estimation of Dietary NE and Metabolizable AA. Daily energy gain (EG; Mcal/d) was calculated by the equation EG = ADG 1.097 0.0557W 0.75 , in which W is the mean shrunk BW (kg; NRC, 1984). Maintenance energy (EM) was calculated by the equation EM = 0.084W 0.75 (Garrett, 1971) . Dietary NE g was derived from NEm by the equation NE g = 0.877 NE m -0.41 (Zinn, 1987) . Dry matter intake is related to energy requirements and dietary NE m according to the equation DMI = EG/ (0.877NE m -0.41) and can be resolved for estimation of dietary NE by means of the quadratic formula
in which x = NE m , a = -0.41EM, b = 0.877 EM + 0.41 DMI + EG, and c = -0.877 DMI (Zinn and Shen, 1998) . Intestinal supply of indispensable AA for steers in Exp. 2 was estimated assuming that postruminal supply of each indispensable AA was proportional to feed intake (Zinn and Owens, 1983; Zinn and Shen, 1998) . The DMI for steers in Exp. 1 and 2 averaged 2.0 and 2.8% of BW, respectively. Zinn and Borquez (1993) observed that within the range in DMI of 1.9 to 2.9% of BW the fl ow of microbial and feed N to the small intestine of Holstein steers was directly proportional to DMI. Amino acid requirements were determined according to NRC (2000; level 1).
Carcass Data. All steers were harvested on the same day. Each carcass was weighed at time of slaughter. After the carcasses were chilled for 48 h the following measurements were obtained: 1) LM area, taken by direct grid reading at the 12th rib, 2) subcutaneous fat over the ribeye muscle at the 12th rib taken at a location three quarters of the lateral length from the chine bone end, and 3) KPH as a percentage of carcass weight (USDA, 1997). Additionally, lean and skeletal maturity, lean color, and marbling were estimated. The previous measurements were used to determine a quality and yield grade for each carcass (USDA, 1997).
Statistical Design and Analysis. The effects of DDGS level on characteristics of digestion in cattle were analyzed as a 4 × 4 Latin square design using the MIXED procedure (SAS Inst. Inc., Cary, NC). Fixed effect consisted of treatment, and random effects consisted of steer and period. The statistical model for the trial was as follows:
in which Y ijk is the response variable, μ is the common experimental effect, S i is the steer effect, P j is the period effect, T k is the treatment effect, and E ijk is the residual error. Treatments effects were tested using these contrasts: 1) linear effect of DDGS level, 2) quadratic effect of DDGS level, and 3) cubic effect of DDGS level. Coeffi cients for polynomial contrasts (linear, quadratic, and cubic effects of DDGS level) with equal spacing (0, 10, 20, and 30%) were determined according to SAS.
For calculating steer performance in Exp. 2, initial and fi nal BW were reduced 4% to account for digestive tract fi ll. Pens were used as experimental units. Final shrunk BW was adjusted for HCW by dividing HCW by the decimal fraction of the average dressing percentage (0.594). The experimental data were analyzed as a randomized complete block random design experiment according to this statistical model: (Hicks, 1973) , in which μ is the common experimental effect, B i represents initial BW block effect (df = 5), T j represents dietary treatment effect (df = 3), and ε ij represents the residual error (df = 15). Treatment effects were tested using contrasts as indicated for Exp. 1.
RESULTS AND DISCUSSION
Composition of corn DDGS and SF corn used in Exp. 1 and 2 are shown in Table 2 . The CP, NDF, ether extract, and ash composition of DDGS were 97, 70, 106, and 88%, respectively, of corresponding tabular values (NRC, 2000) . Much of the variation in composition of DDGS can be attributed to plant-to-plant differences in the proportions of distillers solubles added back in the process (Spiehs et al., 2002; Kim et al., 2008) . Whereas it is the starch component of corn that is extracted in the fermentation process and the average corn grain contains 71.8% starch, 9.2% CP, 10.0% NDF, and 3.9% ether extract [29,595 observations, DM basis (Owens and Soderlund, 2010) ], then the removal of 98% of the starch during fermentation would yield a residue containing 31% CP, 34% NDF, and 13% ether extract. Consistent with previous studies (Guthrie et al., 2004; Stein and Shurson, 2009; Almeida et al., 2011) , the AA composition of DDGS as a function of total CP was similar to that of corn grain. But values for DDGS and corn were generally greater than current tabular estimates (reported as % of UIP; NRC, 2000). The FA profi le in DDGS corresponds to those reported by Widmer et al. (2008) . Compared with SF corn, DDGS had greater unsaturated:saturated ratio (4.46 vs. 3.59), as proportion of total of unsaturated FA, and DDGS had greater C18:2 (63.4 vs. 52.6%) and less C18:1 (36.6 vs. 46.4%) than SF corn, indicating that the fermentation process may increase concentration of molecular oxygen at the site of the desaturase (Gurr, 1984) .
Experiment 1
Treatment effects on characteristics of ruminal and total tract digestion are summarized in Table 3 . Ruminal NDF digestion tended to increase (quadratic effect, P = 0.09) with DDGS substitution. However, replacement of SF corn with increasing levels of DDGS decreased (linear effect, P = 0.01) ruminal digestion of OM. This reduction was expected, attributable to relative differences in ruminal digestibility of NDF (49%) and starch (81%) and ruminal indigestibility of dietary fat itself (Zinn, 1988) .
There were no treatment effects on fl ow of microbial N (MN) to the small intestine (P = 0.76) and ruminal microbial effi ciency (fl ow of microbial N to the small intestine as a proportion of OM fermented; P = 0.99). Substitution of SF corn with DDGS increased (linear effect, P < 0.01) N fl ow to the small intestine. However, ruminal N effi ciency (fl ow of nonendogenous N to the small intestine as a proportion of N intake) decreased (linear effect, P < 0.01) with increasing DDGS supplementation. Decreased N effi ciency with increasing DDGS-N intake was expected due to the proportional decrease in MN contribution as a function of N intake (whereas MN fl ow to the small intestine was similar across treatments, its contribution to intestinal N supply decreased inversely with N intake). Ruminal digestion of feed N also decreased (linear effect, P < 0.01) with increasing level of DDGS substitution for SF corn. Regressing the difference in feed N entering the small intestine on DDGS-N intake, ruminal UIP value of DDGS was 35%. This value is less than the current tabular value (52%; NRC, 2000). However, the NRC (2000) value represents the mean of 6 highly variable observations (SD = 20). The 95% confi dence limits for the current tabular UIP value are 31 and 75%. Prior estimates of UIP for DDGS have ranged from 40 to 70% (NRC, 2000; Cao et al., 2009; Leupp et al., 2009b; Brake et al., 2010; Islas and Soto-Navarro, 2011) . High variation in UIP values may be due to source and method of processing (Gunn et al., 2009; Hersom et al., 2010) and the proportion of solubles returned to grain solids residues in the DDGS mixture (Cao et al., 2009 ). Gilbery et al. (2006) observed that at least 87% of the N in corn distillers soluble was degraded in the rumen.
There were no treatment effects on postruminal digestion of NDF (11%; P = 0.34) and starch (94%; P = 0.17). However, postruminal digestion of OM (linear effect, P = 0.04), FA (linear effect, P = 0.03), and N (linear effect, P = 0.07) decreased with increasing level of DDGS substitution for SF corn. Postruminal digestion of supplemental FA is largely a function of total FA intake (FAI). Plascencia et al. (2003) reported a close relationship (R 2 = 0.89%) between the total FAI (g/kg BW) and postruminal FA digestion: FA digestion (%) = 87.560 -8.591FAI. Accordingly, observed postruminal FA digestion in the present study was 1.00, 1.00, 0.98, and 0.98% of expected for the 0, 10, 20, and 30% of DDGS levels, respectively.
Dried distillers grains plus solubles tended to increase (linear effect, P = 0.06) total tract NDF digestion. However, consistent with Corrigan et al. (2009) , level of DDGS substitution for SF corn decreased (linear effect, P < 0.01) total tract OM digestion. As with ruminal digestion, the reduction in total tract OM digestion was expected and largely attributable to relative differences in total tract digestibility of NDF (56%) versus starch (99%). Consistent with Leupp et al. (2009b) and Brake et al. (2010) , total tract apparent N digestion increased (linear effect, P = 0.04) with level of DDGS substitution. However, this effect may be more a function of the increased N content of the diet brought about by replacement of SF corn with DDGS (Holter and Reid, 1959) . Adjusting for metabolic fecal N (0.2% of DMI; Swanson, 1977) , there were no treatment effects (P = 0.74) on total tract N digestion.
Consistent with effects on total tract OM digestion, level of DDGS substitution for SF corn decreased (linear effect, P = 0.03) the digestibility of GE (DE, %). However, it did not affect (P = 0.82) dietary DE (Mcal/ kg), refl ecting the greater GE content of DDGS versus SF corn in the replacements (Table 2) . Accordingly, the comparative DE value of DDGS may be considered similar to the DE value of the SF corn it replaced. Treatment effects on ruminal pH, VFA profi les are summarized in Table 4 . Notwithstanding decreased starch intake and decreased ruminal OM digestion (Table 3) , ruminal pH at 4 h after feeding was unaffected (P = 0.80) by level of DDGS substitution for SF corn. This response is consistent with several studies evaluating substitution of DDGS for corn in fi nishing diets (Ham et al., 1994; May et al., 2009 May et al., , 2010 Uwituze et al., 2010; Luebbe et al., 2011) . In some cases (Peter et al., 2000; Leupp et al., 2009b) , however, partial replacement of corn with distillers grains increased ruminal pH.
Increasing level of substitution of DDGS for SF corn increased ruminal molar proportion of acetate (linear effect, P = 0.01), butyrate (linear effect, P = 0.10), isovalerate (linear effect, P = 0.01), and valerate (linear effect, P = 0.03) and decreased ruminal molar proportion of propionate (linear effect, P < 0.01). Thus, acetate:propionate molar ratios increased linearly (P < 0.01). Based on stoichiometric relationships between observed molar distribution of VFA in the rumen and fermentation balance (Wolin, 1960) , corresponding estimates for methane production increased (linear effect, P < 0.01) with increasing level of DDGS substitution (0.37, 0.43, 0.51, and 0.51 ± 0.03 mol/mol glucose equivalent fermented, for the 0, 10, 20, and 30% levels of DDGS substitution for SF corn, respectively).
Likewise, Leubbe et al. (2011) observed increased acetate:propionate ratios due to partial replacement of SF corn with distillers grains. Similar fi ndings were also observed for partial replacement of dry rolled corn with distillers grains (Peter et al., 2000) . These effects are consistent with generalized stoichiometric relationships for chemical components of the diet (partial replacement of low-fi ber high-starch corn with high-fi ber low-starch DDGS) and products of fermentation (Murphy et al., 1982) . Notwithstanding, in some instances, partial replacement of SF corn (Uwituze et al., 2010) or dry rolled corn (Leupp et al., 2009b) with DDGS decreased acetate:propionate molar ratios. Increasing ruminal concentrations of isovalerate and valerate is consistent with increased ruminal degradable protein intake brought about by the DDGS substitution for corn grain (Hussein et al., 1995) .
Indispensable AA supply to the small intestine is shown in Table 5 . Increasing the level of substitution of DDGS for SF corn increased (linear effect, P ≤ 0.04) fl ow of methionine, histidine, phenylalanine, threonine, leucine, isoleucine, and valine but did not affect intestinal supply of lysine (P = 0.74). The latter is consistent with the comparatively low lysine content of corn protein (Table 2) .
Experiment 2
Treatment effects on growth performance and dietary NE values are shown in Table 6 . Consistent with previous studies evaluating DDGS substitution for SF corn in cross-bred beef breeds (Gordon et al., 2002; Uwituze et al., 2010; Quinn et al., 2011) , there were no treatment effects (P ≥ 0.56) on DMI in calf-fed Holstein steers. During the initial 126-d period, when metabolizable AA supply is expected to be most limiting (NRC, 2000) , increasing level of DDGS linearly increased (P = 0.03) ADG and increased quadratically (P ≤ 0.03) G:F, dietary NE, and observed/expected diet NE, with the response being maximal at 20% DDGS inclusion rate. Likewise, Trenkle (2004) observed a linear increase in ADG and G:F in Holstein steers (initial weight, 195 kg) with DDGS replacement of cracked corn at levels of up to 40% of diet DM.
In southwestern feedlots, Holstein calves are typically fed a single SF, corn-based diet throughout the entire growing-fi nishing period. Like the 0% DDGS diet shown in Table 1 , this single diet formulation usually contains between 12 and 13% CP, with urea as the sole source of supplemental N (Zinn et al., 2005) . Although this diet meets the theoretical (NRC, 2000; Level 1) metabolizable AA requirements across the overall feedlot feeding period (320 to 350 d), it does not meet metabolizable AA requirements of calves during the initial growing phase (112 to 140 d; Zinn and Shen, 1998; Zinn et al., 2007) . Therefore, enhancements in ADG and growth effi ciency during the initial 126-d period are attributable, in part, to the differences in metabolizable AA supply brought about by DDGS substitution for SF corn. Estimates of indispensable AA supply to the small intestine as a percentage of requirement (NRC, 2000) during the initial 126-d period are shown in Table 7 . Accordingly, histidine was apparently the fi rst limiting AA followed by methionine. In previous studies involving calf-fed Holstein steers (Zinn et al., 2000 (Zinn et al., , 2007 , defi ciencies in metabolizable AA supply were refl ected in both decreased ADG and energetic effi ciency (observed vs. expected dietary NE). Likewise, in 49 of the 52 trials summarized by NRC (1984) in which protein supplementation increased growth rates of cattle, energetic effi ciency also increased.
During the fi nal 179-d period, when energy intake rather than metabolizable AA supply is expected to be limiting (due to 35% greater intake relative to corresponding ADG), treatment effects on ADG and G:F were small (P ≥ 0.24).
There were no treatment effects (P > 0.11) on overall (305 d) ADG and G:F. Estimated dietary NE m and NE g values for the 0, 10, and 30% levels of DDGS substitution for SF corn based on growth performance were in very close agreement (99.5%) with expected values (Table 1) In earlier studies involving crossbred yearling beef cattle (May et al., 2007; Depenbusch et al., 2008b; Uwituze et al., 2010) , substitution of DDGS for SF corn at levels of up to 25% of diet DM did not affect overall ADG or BW gain effi ciency. In contrast, partial substitution of SF corn-based fi nishing diets with wet distillers grains slightly reduced ADG and G:F in cross- breed yearling cattle (Daubert et al., 2005; Depenbusch et al., 2008a; May et al., 2010 ). The infl uence of level of DDGS substitution for SF corn on carcass characteristics is shown in Table 8 . There were no treatment effects (P ≥ 0.11) on dressing percentage, fat thickness, calculated retail yield, or quality grade. There was a tendency (quadratic effect, P = 0.06) for increased percentage KPH with DDGS supplementation.
In conclusion, the NE m and NE g values for DDGS in SF corn-based growing-fi nishing diets are consistent with current tabular standards (2.18 and 1.50 Mcal/ kg, respectively). Extra-caloric value of DDGS as a metabolizable AA source is apparent in lightweight calves during the initial growing phase, with maximal overall responses occurring at the 20% level of supplementation. The UIP value of DDGS used in this study (35%) was considerably less than current tabular estimates (52%; NRC, 2000) . Intestinal digestion of DDGS FA diminishes as a predictable function of total dietary FAI, placing upper constraints on levels of DDGS supplementation. Partial replacement of SF corn with DDGS may increase ruminal acetate:propionate ratio and, hence, estimated methane production. 
